An attempt to find a correlation between the kinetic and thermodynamic terms (e.g. activation energy, pre-exponential factor, isosteric heat, entropy, etc.) of the chemisorption process involved in a commercial optical brightener/pulp system is presented. A linear inter-relationship between the kinetic and thermodynamic characteristics of the system was found. Based on the coefficients obtained in the thermodynamic investigation of the adsorption process, it was possible to calculate the kinetic coefficient of the surface inhomogeneity. The use of both a model employing uniformly inhomogeneous surfaces and an approach involving all the kinetic and thermodynamic data was confirmed by the results obtained.
INTRODUCTION
Optical brighteners (OBs) are used in the pulp-processing industry for increasing the brightness of the end-product. Such optical brighteners mainly absorb in the ultraviolet region of the spectrum, while their emission occurs predominantly in the long-range visible region. The influence of the action of optical brighteners is determined by the peculiar properties of the latter. Since their molecules are small, in general they readily diffuse through the cell structure and distribute uniformly on the pulp surface within a very short period of time (Bourgoing et al. 2001 ). Fibre attachment is achieved through the formation of hydrogen-type bonds between the oxygen atom of the polar groups in the molecular structure of optical brighteners and the hydrogen atom of the hydroxy groups in the pulp structure (Crouse and Snow 1981; Bourgoing et al. 2001; Nordstrom et al. 1998; Foster 1995) .
Our previous investigations have shown that the surface of a pulp is uniformly inhomogeneous with ensembles containing identical numbers of active centres but with different degrees of adsorptivity (Veleva et al. 2001; Radeva et al. 2006) . According to the model of a uniformly inhomogeneous surface, the active centres on the surface of the adsorbent are linearly distributed in terms of their adsorption enthalpies and entropies.
Thermodynamic investigations of the adsorption of an optical brightener onto a pulp surface have shown that the isosteric heat of adsorption, ∆H, does not depend on the amount adsorbed (Radeva et al. 2008a,b) . In addition, the entropy change, ∆S, decreases as the degree of adsorption, α, increases according to the relationship:
where m is a coefficient which characterizes the interval of entropy inhomogeneity on the uniformly inhomogeneous pulp surface (Radeva et al. 2006 (Radeva et al. , 2008a . The adsorption kinetics of optical brighteners onto a pulp surface have been studied by the application of an exponential kinetic equation valid for adsorption processes taking place on uniformly inhomogeneous surfaces (Veleva et al. 2001; Radeva et al. 2006) . This is generally written as:
where α is a kinetic variable, ν = dα/dt is the current rate of the process, ν 0 is the initial rate of the process and a is a kinetic inhomogeneity coefficient. For processes taking place in a real adsorption layer, each adsorption site is characterized by definite values of the thermodynamic terms and kinetic terms. The regularities in the variation of the kinetic and the thermodynamic characteristics of the process are inter-related.
Linear correlations are well recognized between terms connected by the kinetic characteristics, X (e.g. activation energy, E, pre-exponential factor, A, and rate constant, k), and other terms determined directly or indirectly by the thermodynamic characteristics of the system, Y (e.g. isosteric heat change, ∆H, entropy change, ∆S, and equilibrium constant, K):
where ∆ X and ∆ Y are operators which provide general rules for transforming the functions X and Y into other functions, while α * is a linearity coefficient. As these inter-relations include dependencies which are connected linearly with the change in the Gibbs free energy, ∆G, they are defined as linear correlations (Kiperman 1979) . The kinetic coefficient of inhomogeneity, a, provides an account of the effect of energy and entropy factors on the rate of the process taking place on a uniformly inhomogeneous surface (Voltcheva 1976; Valtcheva et al. 1979; Veleva et al. 1977) . It is related to the thermodynamic coefficient of inhomogeneity, f, via:
The coefficient f is a quantity that includes both energetic and entropy inhomogeneity factors. Where there is no energetic inhomogeneity, the coefficient f is solely determined by entropy factors (Radeva et al. 2006) :
The kinetic inhomogeneity coefficient, a, then becomes:
Hence, the exponential kinetic equation (Radeva et al. 2006 ) valid for a limiting adsorption step can be written as:
where α is a kinetic variable.
The aim of the present work was to elucidate the relationship between the kinetic and thermodynamic characteristics and to verify the model employed for studying the chemisorption of an optical brightener onto a pulp surface.
EXPERIMENTAL
Bleached softwood kraft pulp with an initial brightness of 85.87% ISO was used. Tinopal UP (CIBA) and Leucophor AP (Clariant) were used as the optical brighteners (CIBA 1996; Clariant 1996) . Such optical brighteners are water-soluble dyes due to the presence of a sulpho (-SO 3 H) group in their molecular structures. The most commonly used OBs are derivatives of 4,4′diaminostilbene-2,2′-disulphonic acid. The s-triazine derivatives are of particular interest as their substitutes R 1 , R 2 , R 3 and R 4 allow wide chemical variations (Crouse and Snow 1981) . The ratio of absolutely dry pulp to solution employed was 1:50. After disintegration of the bleached pulp had been achieved, the brightening agent was added. The initial concentration of the latter (C 0 ) was 0.018, 0.030, 0.060 and 0.090 g OB/g pulp. Adsorption experiments were performed at a pH value of 8 and at constant temperatures of 281 K, 291 K and 303 K, respectively. The reaction time varied from 0.5 min to 20 min. Adsorption equilibrium was established within 5 min of the start of the process, although the latter was followed for an additional 20 min. Examination of the pulp suspension was carried out by withdrawing samples at various times after the start of the process. The brightness of the samples produced was determined spectrophotometrically in accordance with the SCAN-C 11:75 standard using DATA Color 2000.
RESULTS AND DISCUSSION
The present investigation was undertaken on the basis of kinetic and thermodynamic studies of the process which have shown that the pulp surface exhibits inhomogeneous entropy (Veleva et al. 2001; Radeva et al. 2006 Radeva et al. , 2008a . As has been pointed out above, the kinetic inhomogeneity coefficient, a [equation (6)], is independent of the initial concentration and the temperature, which in turn implies that it only characterizes the entropy inhomogeneity of the surface [equation (1)] (Veleva et al. 2001; Radeva et al. 2006) . When entropy factors determine the surface inhomogeneity, equation (7) provides the kinetic equation which describes the investigated chemisorption process.
The kinetic variable α is related to the difference between the brightness of the untreated pulp and that of the pulp modified by the adsorption of the optical brightener. In addition, it expresses the degree of adsorption of the optical brightener via the relation:
where W is the pulp brightness after a known reaction time and W 0 is its initial brightness expressed in % ISO units. Equation (7) is valid in those cases when the rate of adsorption decreases because of depletion of the active centres on the pulp surface and because of steric hindrance in access to such centres caused by the pulp matrix (Radeva et al. 2006) . This equation has been employed for calculating the values of the quantities a, ν 0 and ν for the two brighteners Leucophor AP and Tinopal UP (Veleva et al. 2001) .
The temperature dependencies of the initial rate as well as of the rate after a known interval of time allow the activation energy, E, and the pre-exponential factor, A, to be determined at a fixed value of α (see data listed in Table 1 and depicted in Figure 1 ). Veleva et al. (2001) showed that E 0 = E, i.e. the activation energy for the process is independent of the kinetic variable α, thereby confirming that entropy factors have a predominant effect on the rate of the process. Furthermore, this result implies that the active centres have identical heats of adsorption. It has also been found that the value of ∆H is independent of α and, in fact, coincides with the value determined from the temperature dependence of the equilibrium constant K 0 at α → 0, i.e. ∆H 0 = ∆H (Radeva et al.  2008b) . These results accord with the established energy uniformity of the surface studied.
The present investigation also shows that the pre-exponential factor A decreases as the value of α increases (Veleva et al. 2001) (Figure 1) , i.e. ln A = ln A 0 -aα (9) This suggests that the decrease in rate results from the decrease in the pre-exponential factor which, in turn, is connected with the increase in steric hindrance and the exhaustion of active adsorption centres on the pulp surface. Experimental thermodynamic investigations of the same chemisorption process have established a similar dependence between the decrease in entropy at increasing values of α [equation (1)] (Figure 2) (Radeva et al. 2008b) .
A correlation between the pre-exponential factor and the entropy change at fixed values of α may be obtained from a comparison of equations (1) and (9). Combination of these equations taking equation (6) into account leads to:
which is further illustrated in Figure 3 for both the brighteners investigated.
This equation provides a linear inter-relationship between the kinetic and the thermodynamic characteristics of the system studied. It shows that each value of ln A at a fixed value of α is determined by the corresponding value of ∆S for the process. In fact, the equation can be re-arranged to:
(11) Figure 4 shows the application of equation (4) to the data for the brighteners studied in the present work. The result obtained leads to the conclusion that the decrease in the rate of the chemisorption process is determined by the entropy change which affects the decrease in the pre-exponential factor. The proportionality coefficient α * /R is different for both brighteners (see data listed in Table 1) , with the value for Leucophor AP being greater than that for Tinopal UP. This implies that the adsorption of Leucophor AP occurs at a higher rate (Veleva et al. 2001) . The kinetic inhomogeneity coefficient can be estimated from equation (6) employing data arising from thermodynamic studies together with the values of m and α * /R (Table 1) . The corresponding values of a obtained for the adsorption of Leucophor AP and Tinopal UP were 54.7 and 42.0. These coincide quite well with the kinetic inhomogeneity coefficients determined from studies of the chemisorption kinetics (54 and 43, respectively) (Table 1) (Veleva et al. 2001) . This coincidence verifies the reliability of the model as well as of the approach applied to the study of the kinetics and thermodynamics of the chemisorption process involved in the optical brightener/pulp system. The lack of a common correlation between the kinetic and thermodynamic characteristics of Leucophor AP and Tinopal UP can be attributed to the different routes employed for developing the entropy inhomogeneity of the corresponding systems. 
CONCLUSIONS
All the results arising from the kinetic and thermodynamic investigations of the adsorption of an optical brightener onto a uniformly inhomogeneous pulp surface can be summarized as follows:
• The kinetics of the process can be described by an exponential kinetic equation allowing the kinetic inhomogeneity coefficient to be determined. However, this coefficient only characterizes the entropy inhomogeneity of the surface. In contrast to the activation energy which is constant during the course of the process, the pre-exponential factor decreases and thereby controls the decrease in the rate of the process. • A linear correlation exists between the kinetic and thermodynamic characteristics of the system. The kinetic inhomogeneity coefficient can be calculated from the inhomogeneity coefficients obtained in the thermodynamic investigation. The coincidence of the results obtained for the quantity a demonstrates the reliability of the model and the approach applied in the study of the kinetics and equilibria arising from the chemisorption process in the optical brightener/pulp system.
